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 The Muddy (J) Sandstone of the Lower Cretaceous Dakota Group is a prolific producer 
of hydrocarbons in the Denver basin. There is a large body of work on the Muddy (J) Sandstone 
(Weimer 1970, 1976, 1978, 1980, 1983, 1984, 1992, 1996; MacMillan, 1974; Clark, 1978; 
Poleschook, 1978; Suryanto, 1979; Altschuld, 1980; Sonnenberg, 1981; Grube, 1984; Young, 
1987) but the facies models have not been updated since the 1980’s (Weimer, 1983). The focus 
of this thesis is (1) detailed outcrop documentation of sedimentary facies for a new depositional 
model, (2) comparison to near-outcrop core and well logs, and (3) comparison to core and well 
logs in Peoria field. Eight outcrop sections and six cores in their vicinity were described in detail. 
Nineteen cores and eighty three well-logs from the Peoria oil field were analyzed. This study 
resulted in new depositional models for the Muddy (J) Sandstone in the outcrop belt as well as 
the Peoria field. The Muddy (J) Sandstone in the outcrop belt is interpreted as an incised valley-
fill system due to basinward shift of facies across the basal sequence boundary. The valley fill is 
composed almost entirely of tidal or tide-influenced deposits. This study identifies the Muddy (J) 
Sandstone as a tide-dominated estuarine system, based on the presence of the following facies 
associations: tidally-influenced fluvial deposits (Facies Association 1), fluvial-tidal channel 
deposits (Facies Association 2), outer estuarine axial tidal flats and channel deposits (Facies 
Association 3) which include: outer estuarine tidal channel deposits (Facies Association 3A) and 
upper flow regime tidal flats (Facies Association 3B), tidal sand bar deposits (Facies Association 
4), sandy to mixed tidal flats (Facies Association 5), and mixed to muddy tidal flats and marshes 
(Facies Association 6). Fluvial facies associations occur in the northern part of the outcrop belt. 
In cores, these tidally-influenced fluvial deposits occur in the middle part of the Muddy (J) 
Sandstone. This is in contrast to the previous facies models, where the whole Peoria field 
iii
succession was assigned to fluvial deposition (Ecker, 1971; Land & Weimer, 1978; Chapin, 
1989). In addition to the fluvial deposits, this study identifies tidal deposits, and interprets the 
Peoria Field as a tide-dominated estuary, or tide-dominated delta.  
 Outcrop deposits of the Muddy (J) Sandstone show a landward stepping to aggradational 
stacking pattern. In Peoria field, a progradational to retrogradational stacking pattern is 
documented. Important differences between outcrop and subsurface deposits are the absence of 
tidal sand bars in cores of the Peoria field and the presence of more marginal muddy facies 
towards the top of the Muddy (J) Sandstone associated with the drowning of the estuary. Based 
on this study, it is recommended to explore for tidal sand bars which have better reservoir quality 
further seaward. Relative sea level changes as well as forebulge migration are inferred to be the 
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SEDIMENTOLOGY AND SEQUENCE STRATIGRAPHY OF THE MUDDY (J) 
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 Incised valley systems are economically significant because they are estimated to host 
25% of worldwide conventional hydrocarbon accumulations (Brown, 1993). For this reason, a 
clear understanding of the internal facies architecture and reservoir characteristics of different 
types of incised valley systems is vital to the exploration and exploitation of such systems. 
 Incised valleys originate as a result to fluvial erosion during periods of relative sea level 
fall. An incised valley is characterized by an elongate, topographic low which truncates 
underlying strata (Zaitlin et al., 1994). Such valley is bounded by a regionally extensive 
unconformity.  
 Fluvial deposition occurs at the mouth of the system as sea level reaches its lowest point 
and subsequently starts to rise. The valley then starts to back-fill with continuous sea level rise. 
Incised valley fill can be composed of sediments of only a single relative sea level cycle (simple 
valley fill) or by a complex association of sediments of multiple relative sea level cycles 
(compound valley fills) (Zaitlin et al., 1994). 
 Estuaries are an important part of the incised valley fill model because they contribute 
large volumes of sediments in the seaward portion of the valleys throughout their backfilling.  
Geologically, estuaries are defined as transgressive systems that receive sediment from both 
fluvial and marine sources (Dalrymple et al., 1992).  Typically, fluvial energy decreases down 
the estuary whereas marine energy decreases up the estuary. Estuaries are classified as wave-
dominated or tide-dominated depending on the nature of the marine deposits in an estuary, 
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controlled by the relative power of wave and tidal processes. In general, estuaries show a 
retrogradational facies stacking and a tripartite zonation that reflects the interaction of fluvial and 
marine processes. In the outer zone of the estuary, marine processes, waves and/or tidal currents 
are dominant; the middle part is a relatively low-energy zone where tidal and river currents are 
approximately equal in strength; and the inner zone of the estuary is an area dominated by fluvial 
processes (Dalrymple et al., 1992).  
 Following the footsteps of the pioneering work of Weimer (1970, 1972, 1976, 1978, 
1980, 1983, 1984, 1992, 1996) and his students (MacMillan, 1974; Clark, 1978; Poleschook, 
1978; Suryanto, 1979; Altschuld, 1980; Sonnenberg, 1981; Grube, 1984; Young, 1987), this 
study focuses on the sedimentology and stratigraphy of the Horsetooth Member of the Muddy (J) 
Sandstone by integrating outcrop and subsurface data in east-central Colorado, by documentation 
of 8 outcrop sections, 6 cores near the outcrops, and 19 cores and 83 well-logs. Outcrop data 
comes from the Muddy (J) Sandstone exposures along the Front Range in the Golden-Morrison 
area, approximately 16 km (10 miles) west of Denver (Fig. 1). These outcrops extend for a total 
distance of about 8 km (5 miles). In addition, six near surface cores between central and southern 
portions of the study area were examined. Subsurface data comes from nineteen cores along with 
their well-logs from Peoria oil field in the Denver basin. 
 The Muddy (J) Sandstone, Albian in age, belongs to the South Platte Formation of the 
Lower Cretaceous Dakota Group. It is the major target for hydrocarbon exploration and 
development in the Denver basin. About 800 million bbl of oil and 1.2 TCF of gas have been 




Figure 1: (A) Index map of the US. (B) A map of the Denver Basin (from Land and Weimer, 1978), showing the Muddy (J) 
Sandstone outcrops along central Front Range area and Peoria field. (C) A Google-earth zoomed-in map of outcrops of study 
area, view looking north. Red dots show measured sections whereas yellow dots mark core holes location. CO: Colorado, UT: 





















 The Muddy (J) Sandstone in the Front Range area has been previously interpreted as 
regressive shallow-water delta plain deposits (MacKenzie, 1971; Weimer & Land, 1972), and 
later as an incised valley-fill deposit (Weimer, 1983). Building on this great body of work, this 
study focuses on (1) detailed description of sedimentary facies and their lateral and vertical 
relationships in outcrops, (2) identification of specific depositional environments, and lateral and 
vertical transitions of the environments, (3) understanding the architecture of the incised valley 
fill and the valley evolution through time, (4) applying the knowledge from outcrop work to 
subsurface dataset of cores and well logs of the Peoria field, and (5) re-evaluating the reservoir 
compartmentalization and characteristics, and (6) evaluating the role of potential controls 
(eustasy, tectonics, and sediment supply) on the valley evolution.  
 This study differs from previous ones in terms of detailed facies analysis and application 
of new developments in shallow-marine facies models, especially what concerns estuaries. 
Facies Associations in this study are somewhat similar to facies defined by previous authors who 
studied the Muddy (J) Sandstone. Since the estuarine facies model did not evolve until the early 





 The Western Interior Cretaceous Basin of North America is a foreland basin that 
developed in response to the Sevier Orogeny in the Late Jurassic through the Late Cretaceous 
between the Canadian Shield to east-northeast and the Sevier mountain belt in the western 
Cordilleran region (Weimer, 1970). For most of the Cretaceous, an epieric seaway occupied 
much of the basin extending from the Gulf of Mexico to the Canadian Arctic (Martinsen, 2003) 
(Fig. 2). Sediments of the Dakota Group were deposited as part of the fill of the Western Interior
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Basin. Petrographic evidence suggests that the Dakota Group sediments were derived from a 
dominantly western source (MacKenzie & Poole, 1962). During the Laramide Orogeny, the 
Western Interior Basin was dissected into many smaller structural basins including the Denver 
basin (Murray, 1957; Weimer, 1992).  
 
Figure 2: Map showing the western interior seaway extending from the Arctic to the Gulf of 
Mexico (modified from Martinsen, 2003).  
 
 The Denver basin is a large, elongate, asymmetrical foreland basin underlying most of 
eastern Colorado, portions of western Nebraska and southeastern Wyoming with the basin axis 
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trending essentially north-south. It has a steeply-dipping, faulted western flank and a gently 
dipping eastern flank. Areal extent of the Denver basin is more than 180,000 square kilometers 
(70,000 square miles) (Raynolds, 2002; Higley & Cox, 2007).   
 The Western Interior foreland basin developed as a response to flexural subsidence, 
generated by thrust loading associated with deformation in the Sevier thrust belt to the west 
(Price 1973; Beaumont 1981; Jordan 1981), and to dynamic subsidence (Pang & Nummedal, 
1995; Burgess & Moresi, 1999; Liu & Nummedal, 2004). Based on isopach map patterns of 
Lower Cretaceous, Currie (2002) showed that the Dakota Group was deposited in the back-bulge 
depozone of the foreland basin system. Active thrusting in the Sevier thrust and fold belt was 
approximately in central Utah at the time of the deposition of the Muddy (J) Sandstone (Currie, 
2002; his Figs. 5 and 11). 
The Lower Cretaceous Dakota Group has been the focus of numerous studies (LeRoy, 
1946;  Waage 1953, 1955, 1961; Haun 1959, 1963; MacKenzie 1965, 1971; Weimer 1970; 
Weimer & Land 1972; MacMillan 1974). Deposits of this group are well-exposed along the 
eastern margin of the Colorado Front Range. The outcrop belt forms a hogback which is fairly 
continuous from northern Douglas County, Colorado to the Wyoming state line (MacKenzie, 
1971) (Fig. 1). Scattered remains of the molluscan fauna Inoceramus commancheanus provided 
evidence of Early Cretaceous (Albian) age (Waage, 1955). The Dakota Group is divided into two 
formations, the Lytle and South Platte (Waage, 1955). Regionally, the South Platte Formation is 
subdivided into three units, the Plainview Sandstone, Skull Creek Shale and Muddy (J) 
Sandstone (MacKenzie, 1971; Weimer & Land, 1972). Deposits of the South Platte are underlain 
by non-marine lacustrine, floodplain, and small fluvial channel deposits of the Jurassic Morrison 
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Formation and overlain by a thin, distinctive gray shale and siltstone unit in the lower Benton 
Group called the Mowry Shale (MacKenzie, 1971; Weimer & Land, 1972).  
 MacKenzie (1965) subdivided the Muddy (J) Sandstone from outcrops along the western 
margin of the Denver basin near Fort Collins, Colorado into a lower Fort Collins and an upper 
Horsetooth Members. A regional unconformity separating the two members is interpreted by 
MacKenzie (1965) as an unconformity recording a major drop in sea level (Fig. 3). The Muddy 
(J) Sandstone is present in outcrop sections from southern Colorado to the Wyoming state line 
(Weimer, 1970; MacKenzie, 1971) (Fig. 1). Stratigraphically, the Muddy (J) Sandstone is 
underlain by the Skull Creek interval of the South Platte Formation and overlain by the Mowry 
Shale of the Benton Formation (Fig. 3). 
 The Fort Collins Member is absent in outcrops of the study area (Weimer, 1996), 
however, it is present in some cores. Since this study focuses on the valley-fill deposits, all 
deposits below the unconformity (base of the valley) were considered those of the Skull Creek 
interval even though Fort Collins Member might be present.  
Weimer and Land (1972) studied the Dakota Group in the Golden-Morrison area. In this locality, 
the Dakota Group is approximately 91.5-122 m (300-400 ft) thick, consisting of clastic 
sediments deposited in fluvial and floodplain environments (Lytle Formation), and a broad 
shallow-water delta (South Platte Formation) marginal to the Early Cretaceous Western Interior 
seaway. The Dakota Group forms a prominent hogback that dips 24-33˚ east in the southern and 
central parts of the area (Turkey Creek and Morrison) and up to 65˚ east in the northern part (I-





Figure 3: Stratigraphic column of the Cretaceous deposits including Lower Cretaceous Dakota 
Group to which the Muddy (J) Sandstone belongs. Red line marks the unconformity between the 











 Work on the Muddy (J) Sandstone has developed through time as new ideas in geology 
have come up and more data has become available. The Muddy (J) Sandstone was originally 
interpreted as “deposits of a broad, shallow-water delta complex” (Weimer & Land, 1972). 
However, as more data from the subsurface became available, the idea of incised valley-fill 
deposits emerged in one of the pioneering publications on the subject (Weimer 1983). This 
section is a discussion of previous work on the Muddy (J) Sandstone with an emphasis on the 
Golden-Morrison area and Peoria field, the study area of this project. 
Early Work Interpretation: Shallow-water Delta Complex 
 From outcrops along the western margin of the Denver basin near Fort Collins, Colorado, 
MacKenzie (1965) interpreted the Fort Collins Member as delta-front sandstone deposited during 
regression of the shoreline of the Skull Creek Sea. The Horsetooth Member was interpreted as 
shallow-water delta assemblage (Mackenzie, 1965; 1971).  
 Weimer and Land (1972) measured seven stratigraphic sections in the Dakota Group in 
Jefferson County from Lena Gulch on the north to Turkey Creek on the south. They interpreted 
the Muddy (J) Sandstone interval as sediments deposited in a broad, shallow-water delta 
complex which prograded to the northeast and east. Depositional environments recognized in 
their study included distributary and tidal channels, crevasse splays, overbank, tidal flats, and 
swamp and marshes. 
 MacMillan (1974) divided the Muddy (J) Sandstone in outcrops south of the Turkey 
Creek area into two main facies: channel fill facies and channel margin facies. He further 
subdivided the channel fill facies into active channel fill, partially abandoned channel fill, and 
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abandoned channel fill. He divided the channel margin facies down into splay, levee, and fresh 
water bay/brackish water bay.   
Later Interpretation: Incised Valley Fill (IVF) 
 Weimer (1983) reinterpreted the Horsetooth Member of the Muddy (J) Sandstone as a 
regressive unit, related to a drop in sea level, which was deposited in a range of environments 
from freshwater to marine. Weimer (1983) interpreted the Horsetooth Member to have been 
deposited as valley fills of an extensive drainage system that was incised into the Fort Collins 
Member or the underlying Skull Creek Shale and contains a fill of sandstone, siltstone and 
claystone. The Fort Collins Member is completely eroded in the Golden-Morrison area. A 
lowstand surface of erosion (LSE) at the base of the Muddy (J) Sandstone represents a time of 
subaerial exposure during which valley incisement occurred. The Mowry Shale on top of the 
Muddy (J) Sandstone records a widespread marine transgression (Weimer, 1983).  
 The Skull Creek, Muddy (J) and Mowry members record basin-wide transgressive, 
regressive and transgressive deposits in the shallow seaway. Radiometric dating from associated 
bentonite beds indicates that this transgressive-regressive-transgressive sequence ranges 
approximately 98-96 Ma. The major valley incision correlates with a global sea level fall at 97 
Ma. (Weimer, 1983). 
Overview of Peoria Field 
 The Peoria field is located in the south central part of the Denver basin approximately 64 
km (40 mi.) east of Denver (Figs. 1 and 4). It was discovered in mid 1970 and was largely 
developed by the end of 1971. The main production comes from channel facies in the Muddy (J) 
Sandstone (Ecker, 1971; Land & Weimer, 1978). 
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 In this field, the Muddy (J) Sandstone is divided into three zones from bottom to top: “J-
3” (Fort Collins Member in outcrop), “J-2” (Horsetooth Member), and “J-1” (Ecker, 1971). The 
“J-3” zone is composed of silty shale and clay, indicative of low-energy environment. The “J-2” 
zone consists of fine to occasionally medium-grained sandstone representing medium to high 
energy environment. This is the best reservoir facies. The “J-1” zone has fewer high-energy 
channel deposits (Ecker, 1971). 
 Land and Weimer (1978) investigated logs and cores from Peoria field using an outcrop 
stratigraphic model developed by Weimer and MacMillan in 1976. Based on their analysis, three 
types of distributary channel-fill were recognized: a lower active channel fill, a middle partially 
abandonment fill, and an upper abandonment fill. They noted that these facies are not always 
present in this order. The active channel fill facies represents the best reservoir facies of “J-2” 
zone. Marginal to the distributary channels were deposits of fine-grained sediments deposited in 
bays, lakes and marshes; and thin sandstones interpreted to be crevasse splay deposits that are 
productive in some parts of the field (Land & Weimer, 1978; Chapin, 1989). 
 Land and Weimer (1978) demonstrated that the western part of the Peoria produces from 
a northward trending channel while on the eastern part of the field, production comes from two 
channels trending northwest-southeast. They also suggested that the western channel is younger 




Study Area, Data and Methods 
Outcrops of the Muddy (J) Sandstone (Horsetooth Member) are exposed along the 
western flank of the Denver basin in the Colorado Front Range in Jefferson County, Colorado, 
just to the west of Denver (Fig. 1). The Muddy (J) Sandstone was described in eight outcrops. 
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The study area is about 8 km (5 mi.) long (Townships 4 and 5 S, ranges 69 and 70), extending 
from Interstate Highway 70 on the north to US Highway 285 on the south. In addition, six near 
surface 
The outcrop study area is about 8 km (5 mi.) long (Townships 4 and 5 S, ranges 69 and 70), 
extending from Interstate Highway 70 on the north to US Highway 285 on the south. In addition, 
six near surface cores located directly east of the hogback were examined at the Colorado School 
of Mines core library (Fig. 1c). Surface sections were measured using a tape and Jacob’s staff at 
1 m (3.28 ft) in outcrop corresponds to 4.5 cm (0.15 ft) scale. The same scale was used for the 
core descriptions. Stratigraphic sections by Weimer and Land (1972) were used as a reference 
for general comparison.  
Subsurface data is from Peoria field; located in Arapahoe County about 64 km (40 mi.) east 
of Denver, townships 4 and 5S and range 60W. The dataset includes cores, available at the 
Colorado School of Mines campus, and their associated well-logs that are publically available 
(Fig. 4).  
The depth of the Muddy (J) sandstone in cores ranges from -349 m (-1145 ft) (sub-sea depth) 
in the southeast to -412 m (-1350 ft) (sub-sea depth) in the northwest (Fig. 5). Nineteen cores 
were described in detail. Subsequently, detailed core descriptions were used to match each of the 
facies associations to their corresponding well log signatures. The rest of available well-logs 
were interpreted to better understand the distribution of facies across the field.  All the wells 
have Spontaneous Potential log (SP) but not all of them have gamma-ray logs. Where available, 
gamma-ray logs were used to check the sandstone and shale content interpreted from the SP log. 
Well log interpretations and correlations and isopach maps were created using Petra, an IHS 





Figure 4: A map showing Peoria field, located ~ 64 km (40 mi.) east of Denver, Townships 4 & 
5 S, Range 60W. Pink circles highlight wells with cores in this study. Solid green circles 








         2 km (1.25 mi) 
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Figure 5: Structure contour map of the Muddy (J) Sandstone in Peoria field that shows gentle dip 





Nineteen sedimentary facies were separated based on textures, sedimentary structures, 
depositional geometries, biogenic structures, and organic matter content. The individual facies 
descriptions are summarized in Table 1. The sedimentary facies were grouped into facies 
associations based on their vertical and lateral associations in outcrops and cores. Facies 
associations are summarized in Table 2.  
2 km (1.25 mi.) 
N 
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Table 1: Summary of Sedimentary Facies 
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Table 1: Continued  
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Table 1: Continued  
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Table 1: Continued  
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Table 1: Continued  
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Table 1: Continued 
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tidal channels 
1, 2, 3, 4, 
5, 7, 11, 
19 
Grain size: very fine- to 
medium-grained, tends to 
fine upwards. Bimodal 
planar and trough cross-
stratified sandstone with 
mud clasts lining cross 
sets. Rhythmic bed 
thickness changes 
Base of channels is 
erosional with mm- to 
cm-scale mud and coal 
clasts, coarse lags (2-10 
cm). High to low angle 
cross-stratification, with 
rhythmically changing 
grain size in individual 
cross strata. Tidal bundles 






2-4 m thick, 
when 
amalgamated 
can reach 11 
m 
 



































tidal channel  
 
Continued on next page 
23
 












3B Upper flow 
regime tidal 
flats 




Grain size: very fine-
grained sandstone to 




stratification, rare mud 
drapes 
 
Ranges in thickness from 
2.5-8 m with individual 








































4 Tidal sand bars 
 





Grain size: very fine- to 
medium-grained, tends 
to coarsen upwards 
slightly in thick bars. 
Planar cross-stratified 
sandstone with mud 
drapes. Bidirectional 
planar, trough, and high 
angle trough cross-
stratified sandstone with 
mud drapes. 
Herringbone structure in 
Turkey Creek section. 
Massive to evenly 
bedded units in Alameda 
Road with interbeds of 
siltstone and shale. 
Rhythmic bed thickness 
changes, bidirectional 
ripples with mud drapes.  
Cross sets cut each other 
(e.g., Morrison, Turkey 
Creek). Neap-spring 
cycles. Pyrite nodules and 
mud drapes common in 
Turkey Creek section and 
cores. Basal erosion 
surfaces with mm- to cm-
scale mud and coal clasts. 
Common mud drapes 
present in Turkey Creek 










are up to 
















NE to SW in 
lower part of 
Turkey Creek, 
SE in Morrison 
section. 
Unidirectional 
NE in Upper 



















sand bars with 
associated 
























5 Sandy to mixed 
tidal flats 
 




Grain size: very fine-
grained sandstone to 
siltstone, mudstone in 




overlie FA 2 and 3. 
Sometimes right above 
the sequence boundary 
in cores. No preserved 
sedimentary structures 
due to intense 
bioturbation and 




laminated sandstone  
Thinly bedded, ripple-
laminated heterolithics 
with randomly distributed 
medium to high organic 
content (mm scale). Low 
angle bed forms seen in 
Alameda Road section 
with marine trace fossils, 







































































to mixed tidal 
flats and tidal 
gullies 
 
6 Mixed to muddy 






Grain size: siltstone to 








deformation present. No 
preserved sedimentary 
structures due to intense 
bioturbation. Usually 




abundant organic matter 
content. Coal fragments to 























less than 1 
m, 
amalgamate















 Upper part in 
some of 
Turkey Creek 
cores as well as 
























Facies Association 1: Tidally-influenced Fluvial Deposits 
Facies Association 1 consists of sandstones units that occur as channel fills, 4-5 m thick in 
outcrop and 4.5-10 m thick in core. The sandstones are very fine- to medium grained that tend to 
fine upward. Facies present in this facies association are: pebble/conglomerate (Facies 1), trough 
cross-stratified sandstone with mud drapes (Facies 4), ripple-laminated sandstone (Facies 7), 
ripple-laminated sandstone with mud drapes (Facies 8), plane-parallel laminated sandstone 
(Facies 11), organic-rich sandstone (Facies 13) and interbedded heterolithic sandstone and 
mudstone (Facies 14) (Figs. 6 and 7). These facies occur in a fining-upward grain-size trend 
transitioning from conglomerates to cross-stratified sandstones to ripple laminated sandstones 
and to silty and organic-rich sandstones.  Cross-stratified sandstone facies is up to 2.5 m thick, 
with individual cross-sets that are commonly 0.1-0.3 m thick and have light gray mud drapes. 
Plane parallel-laminated sandstones range in thickness from 2-3 m.  
This facies association characteristically exhibits lateral accretion geometry (Fig. 9). Base of 
channels in many places has millimeter- to centimeter scale shale clasts, plant fragment imprints, 
and randomly oriented meter-scale wood imprints. In cores, multiple erosional surfaces occur at 
the base of individual channels with mm-cm scale shale clasts. Thin (20-30 cm) shale units occur 
at the top of the channels. Bioturbation is rarely present, and consists of vertical burrows such as, 
Skolithos and Arenicolites. Rooted horizons occur. In the outcrop belt, Facies Association 1 
occurs only in the northernmost outcrops, at the I-70 north and south sections as well as Alameda 
Road section. 
Paleocurrent direction measurements derived from cross-strata in outcrop show a dominantly 
unidirectional flow towards east and southeast (seaward) varying from 50 to 120˚ with some 
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Figure 6: Facies that occur in tidally-influenced fluvial deposits (Facies Association 1). 
A) Pebble/conglamorate (between white lines). B) . 
C) . D) . 
E) 
Trough cross-stratified sandstone
Ripple-laminated sandstone Ripple-laminated sandstone with mud drapes























































Figure 7: Representative section of tidally-influenced fluvial deposits (FA 1), I-70 north 
(see Fig. 1C for location, (1)). Numbers on the right correspond to sedimentary facies 
(Table 1). Rose diagram in black is derived from cross strata whereas the one in
blue is derived from accretion sets.Red line marks the base of the Muddy (J) 








































Figure 8: Measured section and core description symbol key. 







with mud drapes 
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Figure 9: Lateral accretion sets in tide-influenced fluvial channels (Facies Association 1) 
in the lower part of the Muddy (J) Sandstone, I-70 north section (See Fig. 1C), marked by 







paleocurrent directions towards west and northwest (between 342 and 358˚). Accretion sets that 
are present in this facies association show dominantly west to northwest direction. 
In cores from Peoria field, tidally-influenced fluvial channel deposits (Facies Association 1) 
are present in the middle part of the field. Channel fills amalgamate to thick deposits. This facies 
association has a blocky log signature in both SP and gamma-ray logs especially where thick 
deposits are present (e.g., Midwest Oil #1A Baughman Farms, located in T4S, R60W, section 
32; Fig. 10). In gamma-ray logs, this facies association shows a fining-upward, bell-shaped 
trend, corresponding to vertical transition from coarser, cross stratified sandstones to finer, 
ripple-laminated and organic-rich bioturbated heterolithics facies (e.g., Midwest Oil #2 
Baughman Farms, located in T4S, R60W, section 32).  
Interpretation. The combination of trough-cross-stratified, rippled and plane-parallel 
laminated sandstones suggests deposition by traction currents. The paleocurrent directions 
indicate dominantly unidirectional currents. The presence of mud drapes on ripple surfaces 
indicates occasional presence of tidal currents.  The occurrence of plant imprints, large wood 
fragments along with the unidirectional, seaward-oriented current structures implies dominance 
of river currents. The mud drapes that cover ripples indicate deposition during slack water 
periods. The basal erosion surfaces, the observed fining-upward grain-size trend transitioning 
from cross stratification to ripple lamination and to silty and organic-rich sandstone in places, 
together with the occurrence of lateral accretion sets indicate deposition in point bars due to 
decrease in current velocity upward in the channel flow (Bridge & Tye, 2000; Dalrymple & 
Choi, 2007). Lateral accretion indicates point bar migration. Although rare, the occurrence of 




Figure 10: Well-log showing tide-influenced fluvial deposits (Facies Association 1), highlighted 
in light yellow, from Midwest Oil #1A Baughman Farms well, located in T4S, R60W, section 32 
(see Fig. 4). Core interval is shown by diagonal lines. Note blocky SP signature and clean 









extreme spring tides or perhaps during periods of reduced fluvial discharge (Buatois et al., 2005; 
Shanley et al., 1992). However, the general lack of marine trace fossils, and presence of roots 
and wood fragments, together with mud drapes suggests a stressed environment with a 
significant influx of fresh water and shifting energy conditions. Collectively, these features 
evidence for deposition in tide-influenced fluvial channels. 
 
Facies Association 2: Fluvial-Tidal Channel Deposits 
Facies Association 2 is comprised of very fine- to medium-grained sandstone units that are 
0.5-1.0 m thick in outcrop and cores. In outcrops, FA 2 occurs as erosionally-based channel fills 
3-5 m thick (Fig. 11). Facies comprising this facies association are: pebble/conglomerate (Facies 
1), planar cross stratified sandstone with mud drapes (Facies 2), bimodal cross-stratified 
sandstone with mud drapes (Facies 3), trough cross-stratified sandstones with mud drapes 
(Facies 4), ripple-laminated sandstone with mud drapes (Facies 8), bimodal ripple-laminated 
sandstone with mud drapes (Facies 10), sandstone and siltstone with roots (Facies 12), organic-
rich sandstone (Facies 13), interbedded heterolithic sandstone and mudstone (Facies 14) and 
mudstone (Facies 19) (Fig. 12).The facies association occurs as a fining-up succession from  
cross-stratified sandstone to ripple-laminated sandstone to interbedded heterolithic sandstone and 
mudstone. 
Similar to Facies Association 1, Facies Association 2 is typically erosionally based with 
millimeter to centimeter scale mud and coal clasts and plant fragment imprint lags at the base of 
individual channel-fill units (Facies 1). It also exhibits lateral accretion geometry (e.g., Alameda 
Road and Morrison sections; Figs. 13 and 14). Cross-sets are usually lined with millimeter-scale 































SILT VERY FINE FINE MEDIUM COARSECLAY
Figure 11: A representative measured section of fluvial-tidal channels (FA 2) from Morrison 
(see Fig. 1C for location, (6)). Numbers on the right correspond to sedimentary facies 
(Table 1). Scale is in meters. See Fig. 8 for legend. Rose diagram in black is derived from 






























Figure 12: Facies in fluvial-tidal channels (Facies Association 2). A) 
B) 
Pebble/conglamorate. 
Planar cross-stratified sandstone. C) Bidirectional cross-stratified sandstone. D) Trough 
cross-stratified sandstone. E) Plane-parallel laminated sandstone. F) Ripple-laminated 
sandstone with mud drapes. G) Bidirectional ripple-laminated sandstone with mud drapes. 




























Figure 13: Lateral Accretion sets in Tide-influenced fluvial channels (Facies Association




Figure 14: Lateral Accretion sets in fluvial-tidal channels (Facies Association 2) in 
Morrison (See Fig. 1C). Red line is the base of the Muddy (J) Sandstone. Black line shows 
a change in accretion sets direction above and below.
Skull Creek
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high-angle strata also occur. In core, organic-rich mud drapes are easily recognized. Occasional 
cross-sets with rhythmic thickness changes are recognized in outcrops. Arenicolites, 
Diplocraterion, Planolites, roots and dinosaur footprints are observed in organic-rich intervals 
overlying cross-stratified units (e.g., Morrison section).  
 Paleocurrent direction measurements derived from cross strata in the outcrop belt show 
northwest (312-328˚) and southeast (104-131˚) transport direction. Some cross strata show 
bidirectional cross stratification varying from southwest (210-244˚) to northeast (24-46˚). 
In cores, millimeter- to centimeter-scale pyrite nodules are common, especially in Turkey 
Creek cores. Planar cross-stratified sandstone (Facies 2) is typically overlain by rippled-
laminated sandstone with mud drapes (Facies 8) and bipolar ripple-laminated sandstone with 
mud drapes (Facies 10) with occasional shale interbeds. Soft sediment deformation is present in 
the organic-rich and heterolithic deposits. 
In the examined well-logs from Peoria field, fluvial-tidal channel deposits (Facies 
Association 2) have somewhat irregular pattern with a fining-upward trend. SP log is relatively 
blocky but more irregular when compared to Facies Association 1. Gamma-ray readings are 
relatively higher than those observed in tide-influenced fluvial deposits (Facies Association 1) 
(Fig. 15). 
Interpretation.  Bidirectional cross-strata and ripples with mud drapes, cross strata with 
rhythmic thickness changes, marine/brackish trace fossils together with erosional bases, channel 
shape and basal lags indicate deposition in tidal channels. However, the presence of coarser grain 
size deposits indicates the proximity to the fluvial-tidal transition zone. Cross strata with 
rhythmic thickness changes are interpreted as neap-spring cycles with the thickest layers 
deposited during spring tides (de Boer et al., 1989; Lanier et al., 1993; Shanmugam et al., 2000).  
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Figure 15: Well-log signature of Facies Association 2, highlighted in light yellow, from Midwest 
#2 State well, located in T5S, R60W section 4 (see Fig. 4). Core interval is shown by black 









The bimodal cross-stratified sandstone (Facies 3) indicates reversing currents of equal strength. 
The presence of lateral accretion sets indicate high sinuosity-tidal channel (Plink-Björklund, 
2005). The high organic content of sandstones and siltstones present in this facies association 
suggests deposition near turbidity maximum where suspended sediment concentrations are high 
(Dalrymple et al., 1992). The occurrence of soft sediment deformation suggests rapid sediment 
deposition that had high water content. Rooted horizons and coal layers mark temporary 
abandonment of channels (e.g., Plink- Björklund, 2005; Dalrymple & Choi, 2007). 
 The vertical transition from low-angle cross-strata into current ripples and then 
interbedded heterolithics reflects upward shoaling and decreasing energy velocity (Shanley et al., 
1992). Low diversity of trace fossils observed in deposits of this facies association is typical of 
brackish water conditions (Buatois et al., 2005; Dalrymple & Choi, 2007). The higher content of 
trace fossils, the greater abundance of tidal features, together with the considerably finer grain 
size compared to Facies Association 2 indicates deposition in a further seaward position, in tidal 
rather than fluvial channels (Dalrymple & Choi, 2007). 
 
Facies Association 3: Outer Estuarine Axial Tidal Flats and Channels 
Facies Association 3 includes deposits that lie seaward of the inner tidal channels and 
landward of the outer estuarine tidal bars. It is divided into two parts: outer estuarine tidal 
channels and upper flow regime tidal flats. Each part is discussed in detail below. 
Facies Association 3A: Outer Estuarine Tidal Channel Deposits 
Facies Association 3A is comprised of very fine- to medium-grained sandstone units that are 
0.2-0.6 m thick and show rhythmic changes in thickness. This facies association is only present 
in the Alameda road sections in the outcrop belt. This facies association is absent in Peoria field 
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cores. Facies present in this facies association are: pebble/conglomerate (Facies 1), planar cross 
stratified sandstone (Facies 2), bipolar cross-stratified sandstone (Facies 3), trough cross-
stratified sandstones with mud drapes (Facies 4), ripple-laminated sandstone (Facies 7), plane-
parallel laminated sandstone (Facies 11) and mudstone (Facies 19). Individual channels range in 
thickness from 2-4 m but can reach up to 11 m when amalgamated (e.g., Alameda Road section, 
Figs. 16, 17, and 18). Plant fragment imprints are abundant in this facies association. Sand grain 
size is coarser than what is observed in fluvial-tidal channel deposits (Facies Association 2). 
Moreover, mud drapes are less common than those in Facies Association 2 and sandstones tend 
to lack organic matter. The sandstone units in facies association show a fining-upward trend, 
from medium-grained sandstone near the base of individual units to fine-grained sandstone at the 
top. This facies association occurs in Alameda road section overlying upper flow regime tidal 
flats (Facies Association 3B). It is vertically overlain by sandy to mixed tidal flats (Facies 
Association 5). Outer estuarine tidal channel deposits (Facies Association 3A) pass southward 
into outer estuarine tidal bars (Facies Association 4) and northward into marginal tidal flats 
(Facies Association 5 and 6).  
Paleocurrent measurements derived from cross strata in outcrop show northeast transport 
direction (60-80˚). Bidirectional cross-stratified sandstones show southeast (100-104˚) to 
northwest (280-284˚) transport direction. Ripple-laminated sandstones show northwest transport 
direction varying from 308-348˚. 
Interpretation. Cross strata with rhythmic thickness changes and erosional bases and basal 
lags together with bidirectional cross-strata and ripples with mud drapes indicate deposition in 
tidal channels. The absence of mud drapes in outcrops (e.g., Morrison and Alameda Road 
sections) indicates deposition in a high energy tidal environment (e.g., Plink- Björklund, 2005; 
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Figure 16: Facies that occur in outer estuarine tidal channel deposits (Facies Association 3A). 
A) Pebble/conglamorate. B) Planar cross-stratified sandstone. C) Bidirectional 
cross-stratified sandstone. D) Trough cross-stratified sandstone, note light colored mud 
clasts and mud drapes. E) Ripple-laminated sandstone. F) Planar-laminated sandstone. 


















Figure 17: Representative section of outer estuarine tidal channels (FA 3A), Alameda Road 
(see Fig. 1C for location, (5)). Numbers to the left correspond to sedimentary facies (Table 











































































Dalrymple & Choi, 2007). Cross strata with rhythmic thickness changes are interpreted as neap-
spring cycles with the thickest layers deposited during spring tides (Visser, 1980; de Boer et al., 
1989; Lanier et al., 1993; Shanmugam et al., 2000). These tidal channels lie seaward of the 
fluvial-tidal channels (Facies Association 2) and landward of the outer estuarine tidal bars 
(Facies Association 4). 
 
 
Figure 18: Deposits of outer estuarine tidal channels (Facies Association 3A) in Alameda Road 
section (see Fig. 1C for location). Jacob staff is ~ 1 meter (4 feet). These deposits are almost 
entirely sandy with little organic matter. 
 
Facies Association 3B: Upper Flow Regime Tidal Flats  
Facies Association 3B is only present in the lower part Alameda Road sections overlying 
Facies Association 1 and underlying Facies Association 3A. Facies Association 3B deposits 
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consist of occasional trough cross-stratified sandstones with mud drapes (Facies 4), rare bimodal 
ripple-laminated sandstone (Facies 9), plane-parallel laminated sandstone (Facies 11), organic-
rich sandstone (Facies 13), interbedded heterolithics (Facies 14), and mudstone (Facies 19) (Fig. 
19). Deposits of Facies Association 3B tend to fine upward changing from very fine-grained 
sandstones to siltstones and mudstones. These deposits range in thickness from 2.5-8.0 m (e.g., 
Alameda Road sections). Interbedded heterolithics exhibit wavy to lenticular bedding. 
Bioturbation activity is low. Most common trace fossils are: Arenicolites, Diplocraterion, and 
Skolithos.  
Paleocurrent measurements derived from unidirectional ripple cross lamination show mostly 
westward transport direction (250-270˚). However, bidirectional ripples have southeast and 
northwest transport direction (130-150˚ and 310-330˚). 
Interpretation. Plane parallel-laminated sandstones, dominant westward paleocurrent 
direction, together with the occasional sand-prone cross strata indicate upper flow regime 
traction deposition by flood currents (Plink-Björklund, 2005). As they have only been observed 
in the axial portions of modern tide-dominated macrotidal estuaries, Upper flow regime (UFR) 
tidal flats have been considered distinctive for macrotidal environment (Dalrymple et al., 1990; 
Dalrymple, 1992). Cross-stratified sandstones were deposited by slower ebb currents (Plink-
Björklund, 2005). The occurrence of dominantly small, vertical burrows reflect stressed 
environment in estuaries (Dalrymple and Choi, 2007). 
 
Facies Association 4: Outer Estuarine Tidal Bars 
Facies Association 4 consists of dominantly cross-stratified sandstone sets that are 0.1-0.8 m 
thick and occur in low-angle amalgamated accretion sets. These accretion sets are erosionally 
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Figure 19: Facies that occur in upper flow regime tidal flat deposits (Facies Association 
3B). A
) 
) Trough cross-stratified sandstone. B) Bidirectional ripple-laminated sandstone. 
C Plane- parallel laminated sandstone, scale is ~ 1m (4 ft). D) Organic-rich sandstone, 















based, 2-11 m thick, but in places up to 28 m thick (e.g., Turkey Creek core # 4). Facies 
Association 4 is comprised of very fine- to medium-grained sandstones with planar cross 
stratified sandstone (Facies 2), bipolar cross-stratified sandstone (Facies 3), trough cross-
stratified sandstones with mud drapes (Facies 4), high angle trough cross-stratified sandstone 
with mud drapes (Facies 6), bipolar ripple-laminated sandstone with mud drapes (Facies 10), 
plane-parallel laminated sandstone (Facies 11), organic-rich sandstone (Facies 13), and 
interbedded heterolithics (Facies 14), and mudstone (Facies 19) (Figs. 20 and 21). The sandstone 
units in this facies association are thicker than those in Facies Association 2. Facies Association 
4 is absent in the I-70 outcrops.In Turkey Creek outcrop, Facies Association 4 is characterized
 by thick, blocky to coarsening-upward, high-angle trough cross-stratified sandstone with mud
 drapes (Facies 6). Herringbone structures and neap-spring cycles are common. In Morrison 
section, mud drapes are rare to absent, but high to low angle cross-stratified units show 
rhythmic change in grain size in individual beds with internal erosion surfaces (Fig. 22). 
Occasional 0.1-0.3 m siltstone and mudstone (Facies 17 and 19) separates cross-stratified 
sandstone bodies of Facies Association 4 (Fig. 23).
Paleocurrent measurements derived from cross-strata show transport dominantly towards 
northeast (50˚-80˚) in the Turkey Creek outcrop. In Morrison section, paleocurrent direction is 
dominantly towards southeast (104-140˚). Gently dipping accretion sets show west to northwest 
direction (Fig. 21). Planolites and Arenicolites occur at the top of very-fine grained ripple 
laminated sandstone facies. 
Facies Association 4 occurs in Turkey Creek cores, however, the thick sandstones have no 
apparent sedimentary structures and the mud drapes are not as obvious as seen in the outcrops 
(e.g., Turkey Creek # 4 and 5 cores). This facies association is absent in the Peoria field cores. 
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Figure 20: Facies in outer estuarine tidal sand bars (Facies Association 4). A) Planar cross-
stratified sandstone. B) Bidirectional cross-stratified sandstone. C) Trough cross-stratified 
sandstone. D) High-angle trough cross-stratified sandstone with mud drapes. Jacob Staff is
 ~ 1m. E) Bidirectional ripple-laminated sandstone with mud drapes. Note the oil staining. 





















Figure 21: Outer estuarine tidal bars (Facies Association 4) in the Turkey Creek outcrop, view looking north/northwest. Note the gently 
dipping accretion sets marked by black lines. Red line is the base of the Muddy (J) Sandstone. Photo provided by Plink-Bjorklund.
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Figure 22: Representative measured section of outer estuarine tidal bars (FA 4), Morrison 
(see Fig. 1C for location, (6)). Numbers on the right correspond to sedimentary facies 














































Figure 23: Deposits of Facies Association 4 (Tidal sand bars) in Morrison section (see Fig. 1C 
for location). Black lines show unit boundaries. Note the amalgamation of tidal sand bars to the 
left and the pinchout of tidal flat deposits.  
 
Available well logs for this facies association from Turkey creek cores show blocky log 
signature with low gamma-ray readings. Abrupt bases are present when transitioning from finer 
grained deposits to coarse-grained deposits. 
Interpretation. The well sorted, high-angle trough cross-stratified sandstones with erosional 
bases and high sand content, together with bi-directional dune migration directions, presence of 
mud drapes and rhythmic thickening and thinning of cross strata, in low-angle accretion sets 
suggest deposition in tidal sand bars in subtidal environment (Dalrymple, 1992). Tidal signatures 
together with dominant cross-stratification, erosional bases and blocky or coarsening-upward 
trend are characteristic of tidal bar deposits (Amos & Long, 1980; Dalrymple, 1992). The 
relative decrease in organic matter content, and the coarser grain size, compared to Facies 
Association 2 indicates deposition seaward of the turbidity maximum where suspended sediment 
concentrations are lower (Dalrymple I, 1992).  The bidirectional nature of paleocurrents in 
adjacent sets and seldom in adjacent individual beds (herringbone cross strata) indicates that 
flood and ebb currents used slightly different paths (Dalrymple et al., 1990; Dalrymple, 1992; 
Tidal Sand Bar 
Tidal Sand Bar 
Tidal flat Tidal Channel 2 m 
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Plink- Björklund, 2005). The low abundance of trace fossils in this Facies Association is 
characteristic for estuarine tidal bars and implies high energy conditions (Amos & Long, 1980; 
Dalrymple, 1992). 
 
Facies Association 5: Sandy and Mixed Tidal Flats 
Facies Association 5 is vertically and laterally associated with all the facies associations 
described above, and occurs as seaward, landward or lateral transition from the latter. Facies 
Association 5 deposits consist of ripple-laminated sandstone (Facies 7), ripple-laminated 
sandstone with mud drapes (Facies 8), bimodal ripple-laminated sandstone (Facies 9), bimodal 
ripple-laminated sandstone with mud drapes (Facies 10), plane-parallel laminated sandstone 
(Facies 11), sandstone and siltstone with roots (Facies 12), organic-rich sandstone (Facies 13), 
and interbedded heterolithics (Facies 14) (Figs. 24 and 25). Deposits of Facies Association 5 tend 
to fine upward changing from very fine-grained sandstones to siltstones and mudstones. These 
deposits range in thickness from 0.2-1.5 m (e.g., I-70 north and Alameda Road sections), but can 
be up to 13 m thick where amalgamated. Bipolar cross-stratified sandstone (Facies 3) occurs as 
thin (~1 m) channels encased in finer deposits (e.g., Alameda Road section; Fig. 26). Interbedded 
heterolithics exhibit wavy to lenticular bedding. Bioturbation activity is medium to intense. Most 
common trace fossils are: Arenicolites, Diplocraterion, Skolithos, Teichichnus, Rhizocorallium, 
Planolites, Ophiomorpha, root marks and dinosaur tracks. Facies Association 5, along with 
Facies Association 6, occupies the top part of all outcrop sections except in Turkey Creek. 
Deposits of Facies Association 5 host some small scale cross-stratified beds such as those 
observed in I-70 and Alameda Road sections.  
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Figure 24: Facies that occur in sandy to mixed tidal flats (Facies Association 5). A) Ripple-
laminated sandstone. B) Ripple-laminated sandstone with mud drapes. C) Bidirectional 
ripple-laminated sandstone. D) Bidirectional ripple-laminated sandstone with mud drapes. 
E) Plane-parallel laminated sandstone. F) sandstone/siltstone with roots. G) Organic-rich 




































Figure 25: Representative measured section of Facies Association 5, Morrison 
section, south side of Bear Creek (see Fig. 1C for location). Note tidal bar deposits in the 
lower half of the section. Numbers to the left correspond to sedimentary facies (Table 1). 



























Figure 26: Tidal channel encased in sandy to mixed tidal flat deposits (Facies Association 5), 
upper part of Alameda Road section (see Fig. 1C for location). Note planar and trough cross 
stratifications.  
 
Paleocurrent measurements derived from unidirectional ripple cross lamination show mostly 
westward transport direction (250-274˚). However, bidirectional ripples have southeast and 
northwest transport direction (130-150˚ and 310-330˚) 
In cores, Facies Association 5 occurs as thick, up to 10 m stacked deposits (e.g., Price Deter 
#1) with organic content and soft-sediment deformation. Rooted horizons and mottled intervals 
occur. The proportions of bidirectional and unidirectional ripple structures, and presence or 
absence mud drapes vary laterally.   
In well logs, Facies Association 5 generally shows irregular pattern in gamma-ray log with 
readings higher than those for Facies Association 2 due to high proportion of organic matter (Fig. 
27).  
Interpretation. The heterolithic strata, wavy and lenticular bedding, along with common 
occurrence of marine trace fossils suggest deposition in lower-energy tidal environments 




Figure 27: Well-log signature of Facies Association 5, highlighted in light yellow, from Midwest 
Oil #4 Baughman Farms well, located in T4S, R60W, section 32 (see Fig. 4). Core interval is 
shown by diagonal lines. Scale is in feet. 
 
sandstone (Facies 3) encased in much finer deposits indicate deposition in tidal gullies that 
crossed the tidal flats (Dalrymple & Zaitlin, 1991; Plink- Björklund, 2005). The relatively high 







supra-tidal conditions in sandy to mixed tidal flats (Dalrymple et al., 1992; Dalrymple & Choi, 
2007). High percentage of heterolithic strata suggest increased suspended sediment 
concentrations (Dalrymple et al., 1991; Dalrymple, 1992; Shanmugam et al., 2000). The 
common occurrence of soft-sediment deformation is likely associated with dewatering of 
sediment. In cores, Facies Association 5 is interpreted to consist of tidal flats that pass laterally 
into floodplain deposits based on the presence and the absence of tidal signatures. 
 
Facies Association 6: Mixed to Muddy Tidal Flats and Marshes 
Facies Association 6 consists of heterolithic units that are 1-4 m thick but can stack up to 8 m 
thick. These units consist of mud and organic-rich sediments that rarely show any type of 
primary sedimentary structures due to their high degree of bioturbation. Facies in this facies 
association include: sandstone and siltstone with roots (Facies 12), organic-rich sandstone 
(Facies 13), and interbedded heterolithics (with coal layers) (Facies 14), lenticular interbedded 
heterolithics (Facies 15), bioturbated heterolithics (Facies 16), organic-rich siltstone and 
mudstone (Facies 17), organic-rich mudstone (Facies 18), and mudstone (Facies 19) (Figs. 28 
and 29). 
Bioturbation is common with trace fossils like: Arenicolites, Diplocraterion, Skolithos, 
Teichichnus, Rhizocorallium, Planolites, and Ophiomorpha. Root marks are also present but 
rare. In outcrops, Facies Association 6 is eroded into by channels, e.g. in Morrison and Alameda 
Road sections.  
In cores, deposits of this facies association are stacked up to 6 m thick. They tend to both 
underlie and overlie deposits of fluvial-tidal channels (Facies Association 2) and outer estuarine 
tidal bars (Facies Association 4). Lenticular bedding a soft-sediment deformation are common. 
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Figure 28: Facies that occur in mixed to muddy tidal flats and marshes (Facies Association 
6). A) sandstone/siltstone with roots. B) Organic-rich sandstone. C) Interbedded 
heterolithics. D) Lenticular interbedded sandstone/siltstone and mudstone (heterolithics). 












































































Figure 29: Representative measured section of Facies Association 6 from Midwest Oil #2 
Baughman Farms, located in T4S, R60W, section 32 (see Fig. 4). Note bimodal cross-
stratification in the upper part. Numbers on the right correspond to sedimentary facies 










In well logs, Facies Association 6 has gamma-ray readings that are higher than those of 
Facies Associations 1-4. This is due to widespread occurrence of organic-rich mudstones and 
heterolithic deposits. However, the difference between Facies Association 5 and 6 in well-logs is 
subtle and often hard to determine (Fig. 30).  
In Peoria field, a thin sandy interval, that ranges in thickness from 0.5-3.0 m (1.7-10 ft), is 
encased in mixed to muddy tidal flat deposits. It is widespread throughout the field. Sandstones 
in this interval exhibit a range of sedimentary structures; trough cross-stratified sandstone with 
mud drapes (Facies 4), ripple-laminated sandstone with mud drapes (Facies 8), plane-parallel 
laminated sandstone with mud drapes (Facies 11) or lenticular interbedded heterolithics (Facies 
15) (Fig. 31). In places, lenticular heterolithics are interbedded with cross-stratified sandstones 
(e.g., Twin Quinn #1 located in T4S, R60W section 28). 
In well-logs, this unit exhibits a coarsening upward trend in both SP and gamma-ray with an 
abrupt top. Gamma-ray readings are low, similar to those seen in tidally-influenced fluvial 
channel deposits (Facies Association 1) (Fig. 32). 
 Interpretation.  Organic-rich mudstone, carbonaceous mudstone, lenticular bedding, root 
marks, coal layers and plant fragments, along with marine trace fossils suggest deposition in 
upper intertidal and supratidal conditions, most likely on tidal flats and marshes (Plink- 
Björklund, 2005) as seen in the outcrop belt. However, the presence of thick, more bioturbated 
deposits in the Peoria field suggests these deposits belong to the lower intertidal to subtidal zone. 
The small-scale channeled units of bipolar cross-stratified sandstone (Facies 3), with mud drapes, 
could indicate deposition in tidal gullies that crossed the tidal flats (Dalrymple et al., 1991). The 
thin sandy package observed in Peoria field which is encased in muddy, bioturbated deposits 























Figure 30: Well-log signature of Facies Association 6, highlighted in light yellow, from Tom 
Vessels #2 Twin Quin well, located in T4S, R60W section 28. Core interval is shown by 







Figure 31: Sedimentary structures that occur in the thin sandy interval in Facies Association 
6. This interval is only present in a few cores from Peoria field but has a distinct log 
character (see Fig. 30). A) Trough cross-stratified sandstone with mud drapes. B) Ripple-
laminated sandstone with mud drapes. C) Plane-parallel laminated sandstone with mud 











Figure 32: Well-log signature of thin sandy interval in Facies Association 6, marked by the two 
blue lines, dark blue line marks the top and light blue line marks the bottom of this sand unit 
from Tom Vessels #1 Twin Quinn, located in T4S, R60W section 28. Core interval is shown by 








Nevertheless, more knowledge about the surrounding oil and gas fields and the extent and 
occurrence of this sandy package is necessary in order to fully understand and determine the 
depositional environment precisely.  The occurrence of soft-sediment deformation observed in 





 Most facies and facies associations observed in the Muddy (J) Sandstone both in the 
outcrop and subsurface have a strong tidal signature. In the outcrop belt, landward to seaward 
axial transition of depositional environments of the Muddy (J) Sandstone is from tide-influenced 
river channels (Facies Association 1), to fluvial-tidal channels (Facies Association 2), to outer 
estuarine tidal channels and upper flow regime tidal flats (Facies Associations 3A and 3B 
respectively) and to tidal sand bars (Facies Association 4). The tidal flats and marshes (Facies 
Associations 4 and 5) occur throughout the succession and are thus interpreted to occur on the 
margins of the system. The sand size decreases and the mud and organic matter content increases 
from the tide-influenced fluvial channels, as well as from the tidal bars towards the central part 
of the axial system. Based on these axial and lateral relationships, the presence of a river 
channel, central-estuarine tidal channel and the outer-estuarine tidal bars, the Muddy (J) 
Sandstone in the outcrop belt is interpreted as a tide-dominated estuary (sensu Dalrymple et al., 
1992; Fig. 33). In such systems, fluvial energy decreases seaward and tidal energy decreases 
landward, with large amounts of fine-grained sediments deposited in the central part of the 
estuary, where the bulk grain size is the smallest (bedload convergence) (Dalrymple et al., 1992; 
Dalrymple & Choi, 2007; Fig. 33). Tidally-influenced fluvial deposits (Facies Association 1) 
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indicate that net sediment transport was primarily seaward in this part of the study area. 
Furthermore, they indicate the landward limit of tidal influence. Tidal channel deposits with high 
organic content and generally fine-grained sediment (Facies Association 2), abundant mud 
drapes, and lateral accretions indicate that they were deposited in the lowest-energy segment of 
the system where the strength of fluvial and tidal currents are approximately equal (bedload 
convergence; Dalrymple & Zaitlin, 1989; Dalrymple et al., 1994). Outer estuarine tidal channels 
 
  
Figure 33: Estuarine model showing different parts of the system, redrawn from Dalrymple et 
al., 1992. 
 
as well as upper flow regime tidal flats (Facies Association 3A and 3B, respectively) are present 
at the transition between low sinuosity estuarine tidal channels and outer estuarine tidal bars. 
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Tidal sand bars (Facies Association 4) are present in the seaward portion of the study area. Low-
energy mixed tidal flat and marsh deposits (Facies Associations 5 and 6) occur where tidal 
energy decreases along the estuary margins.  
 The depositional model for the Muddy (J) Sandstone in the Peoria field is different from 
that of the outcrop belt. Major differences between the outcrop belt and deposits of the Muddy 
(J) Sandstone in Peoria field are the absence of outer estuarine tidal deposits such as tidal sand 
bars and outer estuarine tidal channels, the occurrence of more tidally influenced-fluvial deposits 
(Facies Association 1) and marginal tidal flats and marshes (Facies Association 5 and 6). Facies 
associations stacking pattern is different where more tidal deposits occur above the base of the 
valley in the entire field. Tidally-influenced fluvial deposits are present in the middle of the 
Muddy (J) Sandstone. The top part is almost entirely composed of tidal deposits with widespread 
tidal channel and gullies. The tidal signature is evident in this facies association by the 
occurrence of mud drapes. Due to the basal regional unconformity, the Muddy (J) Sandstone is 
interpreted as an incised valley fill (Weimer, 1983; Grube, 1984; Graham, 2000) that formed by 
fluvial erosion during a relative sea level fall and was backfilled with mostly estuarine deposits 
during ensuing relative sea level rise. However, the nature of the Muddy (J) Sandstone in the 
Peoria field does not allow a definitive interpretation as an estuarine deposit.  
 The Muddy (J) Sandstone shows a regressive to transgressive character, as tidal channels 
(FA2) are overlain by tide-influenced fluvial channels (FA 1), that are in turn overlain by tidal 
flat deposits (FA 5 and FA 6). Such stacking pattern may occur either in estuaries or deltas. 
Because of similar facies pattern and lack of unique criteria in tide-dominated deltas and in tidal 
estuarine deposits, it is often difficult to distinguish tide-dominated deltas from estuaries (Willis 
& Gabel, 2001). Based on the stacking pattern and the sedimentary facies, the Muddy (J) 
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Sandstone in the Peoria field may have been deposited in a tide-dominated estuary, similar to the 
studied outcrop belt, in a tide dominated delta, or in a wave-dominated estuary. If deposition 
occurred in a tide-dominated estuary, only the landward part of the system (inner to central 
estuary) is present in Peoria field. This interpretation is supported here due to the following: (1) 
strong tidal influence indicative by mud drapes and tidal flat deposits with heterolithic facies, 
crinkled laminae, flaser bedding, wavy bedding, lenticular bedding, and (2) existence of tidally-
influenced fluvial deposits is only limited to central part of the field. However, the absence of 
outer estuarine tidal bars in Peoria field and the lack of knowledge on surrounding fields to prove 
that these tidal bars exist in the basin weaken this argument. 
 Deposition in a wave-dominated estuary would imply that only the bayhead delta 
complex occurs in the Peoria field. However, the (1) lack of central basin muds and (2) the large 
volume of tidal flat deposits does not support this hypothesis. Tidal flat deposits are common in 
tide-dominated deltas (e.g. Tanavsuu-Milkeviciene and Plink-Björklund 2009). The tide-
influenced fluvial channels may then be the distributary channels. Tidal channels are also 






 The stratigraphy of the Muddy (J) Sandstone in the outcrops is divided into four 
depositional units based on changes in stacking pattern, facies distribution and landward-seaward 
facies shifts (Fig. 34). These units are separated by local flooding surfaces or surfaces of 
temporal non-deposition, such as tops of channels, or in places by tidal ravinement surfaces at 
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Tide-influenced fluvial (FA 1)
Fluvial-tidal channel (FA 2)
Tidal bars (FA 4)
Upper flow regime tidal flats (FA 3B)
Mixed to muddy tidal flats and marshes (FA 6)
Sequence Boundary
Outer estuarine tidal channel (FA 3A)
Axial Facies Associations Marginal Facies Associations
Sandy to mixed tidal flats (FA 5)
Channel base or accretion surface
Tidal ravinement, base of tidal bar
Figure 34: An oblique dip-oriented cross section for outcrop belt from I-70 North (right side) to Turkey Creek # 6 (left side). Tide-influenced fluvial deposits are in the northern part of the study area (lower part of 
I-70 sections) but absent in the southern part. Tidal bars are present in the southern part of the study area (see Fig. 1C for location of sections). Rose diagrams show paleocurrent data derived from cross strata.
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three depositional units using flooding surfaces picked on well-logs and tied to the cores (Figs. 
35 and 36). The datum used for the outcrop correlations is a maximum flooding surface (MFS) 
within the Skull Creek Shale below the Muddy (J) Sandstone (Weimer, 1996) (Fig. 34). In the 
subsurface dataset, a widespread and correlative bentonite bed at the top Graneros Shale called 
the X-Bentonite is used as a datum (Figs. 35 and 36). These two datums for both the outcrop and 
subsurface cross-sections were chosen because they represent virtually synchronous horizon. The 
outcrop cross-section (Fig. 34) represents a dip-oblique oriented cross-section based on the 
paleocurrent measurements derived from cross strata. On the other hand, subsurface cross-
sections from the Peoria field (Figs. 35 and 36) represent strike oriented cross-sections based on 
the orientation of the channels that are inferred to have from north-northwest to southeast (Land 
& Weimer, 1978). 
 
Outcrops 
The Muddy (J) Sandstone in the outcrop belt is divided into four depositional units. 
These four depositional units are discussed in detail in the following section.  
Depositional Unit 1 
 Depositional Unit 1 is the lowermost and oldest of the four depositional units. 
Stratigraphically, this unit overlies and onlaps onto the regional erosional surface that marks the 
base of the incised valley fill. Depositional Unit 1 is 3-8.5 m thick (Fig. 34)  
 Tidally-influenced fluvial deposits occur in the northern (obliquely landward) portions of 
the outcrop belt (i.e., I-70 sections and lower part of Alameda section). These tide-influenced 
fluvial channel fills lie landward of fluvial-tidal channel deposits (Facies Association 2). Tidally-




















































































































































































































































Tidal channels/gullies in FA 6.
Stratigraphic unit boundary
Tidally-influenced fluvial channels (FA 1)
fluvial-tidal channels (FA 2)
Sandy to mixed tidal flats (FA 5)
Mixed to muddy tidal flats and marshes (FA 6)
Sequence boundary
SW NE
Figure 35: A southwest/northeast cross section in Peoria field (see inset map for location) illustrating lateral and vertical distribution and geometry of the facies associations as well as interpreted depositional units. Datum 
is X-bentonite (See text)
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Tidally-influenced fluvial channels (FA 1)
Fluvial-tidal channels (FA 2)
Sandy to mixed tidal flats (FA 5)
Mixed to muddy tidal flats and marshes (FA 6)
Tidal channels/gullies in FA 6.
Figure 36: Another southwest/northeast cross section in Peoria field (see inset map for location) illustrating the vertical and lateral distribution and geometry of the facies associations as well as interpreted depositional 
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Depositional Unit 1 in places. The channels have sharp scoured bases and in some localities a 
few meters of local erosional relief (e.g., I -70 South section). Lateral accretion sets, 
characteristic of high sinuosity channels, occur in both Facies Associations 1 and 2 in 
Depositional Unit 1 (Fig. 9).  
 The southern (obliquely seaward) portions of the outcrop belt are occupied by fluvial-
tidal channel deposits of Facies Association 2. In Alameda Road and Morrison sections, this 
depositional unit is noticeably finer grained and has more carbonaceous matter than I-70 sections 
to the north. Tidal channel deposits are up to 3.5 m thick but in places amalgamate up to 8.5 m; 
making the whole thickness of Depositional Unit 1 (Morrison section). Morrison section is the 
southern limit of the Depositional Unit 1, where it most likely onlaps onto the walls of the 
incised valley.  
 The top of this depositional unit is marked by temporal non-deposition, i.e., top of 
channels, in the I-70 and Morrison sections. In the Alameda section, it is marked by the change 
from tide-influenced fluvial channel deposits to outer estuarine upper flow regime tidal flats 
which represents a flooding event. 
Depositional Unit 2 
Depositional Unit 2 ranges in thickness from 3.0-9.5 m. The tidal signature is more 
prominent in the northern part of the study area compared to Unit 1, as tidally-influenced fluvial 
deposits (Facies Association 1) of Depositional Unit 1 grade vertically into fluvial-tidal channel 
deposits (Facies Association 2) of Depositional Unit 2 (Fig. 34). In addition, in Depositional Unit 
2 the first appearance of tidal bar deposits (Facies Association 4) is observed in the southern 
portions of the study area (Fig. 33; e.g., Morrison section and Turkey Creek #4). 
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The landward portions of this depositional unit contain fluvial-tidal channel deposits 
(Facies Associations 2). Facies Association 2 deposits are 4-10 m thick and represent the entire 
thickness of Depositional Unit 2 in the I-70 sections (Fig. 34). Fluvial-tidal channels (Facies 
Association 2) have occasional coarse material at the base which could indicate the proximity to 
the tide-influenced zone.  
 Upper flow regime tidal flats (Facies Association 3B) form the entire thickness of 
Depositional Unit 2 in Alameda Road section. These deposits overlie fluvial-tidal channels 
(Facies Association 2) and tide-influenced fluvial channels of Unit 1. They range in thickness 
from 2.8-8 m.  
Tidal bar deposits (Facies Association 4) are about 5 m thick and overlie marginal mixed 
to muddy tidal flats (Facies Association 5) in the Morrison section. Mud and coal rip-up clasts 
are present at the base of tidal bar deposits in this locality. These deposits typically extend across 
distances of more than 1.5 km (Morrison section to Turkey Creek #4; Fig. 34).  
Marginal tidal flat deposits (Facies Association 5 and 6) are 2-2.5 m thick and are in most 
places both vertically and laterally associated with central estuarine tidal channel and tidal bar 
deposits (Facies Associations 2 and 4) (e.g., Turkey Creek # 2).  
In the Morrison section, the top of this depositional unit is marked by ravinement surface 
at the base of tidal bar. In the Alameda section, the top is marked by the change from upper flow 
regime tidal flat deposits to the outer estuarine tidal channels. In the I-70 section it is marked by 
the abandonment of channels and deposition of shale unit (Fig. 34). 
Depositional Unit 3 
Depositional Unit 3 is the most diverse in terms of the facies associations present and is 
the thickest depositional unit. It extends across the entire outcrop belt and ranges in thickness 
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from 3.5-20 m. Outer estuarine tidal channel deposits (Facies Association 3A) occur in the 
Alameda Road sections and outer estuarine tidal sand bars (Facies Association 4) extend from 
Morrison to Turkey Creek (Fig. 34).  
Fluvial-tidal channel deposits (Facies Association 2) are also present in Turkey Creek 
cores #1 and #6. They range in thickness from 0.9-1.8 m, but where amalgamated reach up to ~ 4 
m. They occur within marginal tidal flat deposits (mainly Facies Association 5) 
Outer estuarine tidal channels deposits (Facies Association 3A) in this depositional unit 
overlie upper flow regime tidal flat deposits (Facies Association 3B) in the Alameda Road 
sections. These channels are 2-4 m thick, but where amalgamated stack up to 16 m thick and 
form the entire thickness of Depositional Unit 3.  Individual channels are in most places capped 
by 20-30 cm thick shale units.  
Outer estuarine tidal channel deposits (Facies Association 3A) pass southward into tidal 
sand bars (Facies Association 4). These tidal sand bars are 2-9 m thick, but up to 16 m thick 
where amalgamated (e.g., Turkey Creek section and Turkey Creek core #6). The whole Turkey 
Creek outcrop section lies within Depositional Unit 3. Individual cross sets are commonly 30-40 
cm thick but can be 80 cm thick in places. These tidal sand bars overlie tidal bars of Depositional 
Unit 2 in the Morrison section and rest directly above the base of the valley in Turkey Creek 
section and Turkey Creek core #6. 
Marginal sandy to muddy tidal flat deposits (Facies Associations 5 and 6) occur vertically 
and laterally adjacent with respect to the tidal bar deposits of Depositional Unit 3.  
The top of this depositional unit is marked by the ravinement surface at the base of tidal 
bars, e.g., Morrison and Turkey Creek section.  
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Depositional Unit 4 
Depositional Unit 4 ranges in thickness from 0-11.5 m. This unit pinches out in the 
southern part of the study area (Turkey Creek # 2 and Turkey Creek # 6; Fig. 34). Outer 
estuarine tidal bars deposits (Facies Association 4) are more abundant in the central to southern 
parts of the outcrop study area. These tidal sand bars are 1.5-5 m thick, but they can reach up to 
10 m thick where amalgamated (Morrison section to Turkey Creek core #3; Fig. 34). 
 Low-energy sandy and mixed tidal flat deposits (Facies Association 5 and 6) in the 
northern part of the outcrop belt form the entire thickness of this depositional unit. Rare, small 
tidal gully deposits (~ 1.5 m thick) are present within the marginal tidal flat deposits similar to 
those observed in Depositional Unit 3. The top of Depositional Unit 4 is marked by a 
transgressive surface which is the Muddy (J) Sandstone/Mowry Shale contact (Fig. 34). 
 
Peoria Field Core and Well-log Dataset 
 Similar to the outcrop belt, the Muddy (J) Sandstone in Peoria field is subdivided into 
three different depositional units. These depositional units are discussed in detail in the following 
section. 
Depositional Unit 1:  
 Depositional Unit 1 is the lowermost unit of the three units picked in the cores and 
overlies the unconformity in the entire field. In the strike-parallel (northeast/southwest) cross 
sections (Figs. 35 and 36), it ranges in thickness from 0-10.6 m (~ 0-33 ft) as measured on cores 
and well-logs. An isopach thickness map of Unit 1 picked on well-logs shows thick deposits 
present in the eastern/southeastern parts of the field (Fig. 37). This unit is not present in the 
Davies #32-5 well located in the southern part of the field (T5S, R60W, section 5; Fig. 4). This 
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depositional unit is comprised of Facies Associations 2, 5 and 6. Tidally-influenced fluvial 
deposits (Facies Association 1) are rare to absent. However, the tidally-influenced fluvial 
deposits shown in the cross sections are interpreted to have cut down into Depositional Unit 1 




Figure 37: Isopach map of Depositional Unit 1 in Peoria field. Red color represents thick 





Fluvial-tidal channel deposits (Facies Association 2) are 0.6-1.8 m (2-6 ft) thick but when 
amalgamated can reach up to 3.0 m (10 ft) (e.g., State #2, southeastern part of the field, T5S, 
R60W, section 4). Thickest deposits of Facies Association 2 occur in the 
southeastern/northeastern parts of the field (Fig. 35) based on core observations. In well-logs, 
thick deposits of Depositional Unit 1 in the southwestern part (Fig. 36) show a blocky pattern 
and relatively lower gamma-ray readings compared to those observed in southeastern part. 
Deposits in the southeastern part tend to have a thin zone, 0.9-1.8 m (3-6 ft) of Facies 
Association 6 deposits with ~ 0.61 m (2 ft) of carbonaceous mudstone (Facies 18) which shows 
very high gamma-ray reading. 
 Marginal sandy and muddy deposits of Facies Associations 5 and 6 are 0.6-3.4 m (2-11 
ft) thick. They are in most places vertically and laterally related to central estuarine deposits and 
in some wells form the whole thickness of Depositional Unit 1 (e.g., UPRR 41-5, T5S, R60W, 
section 5; Fig. 4).  
 In well-logs, Depositional Unit 1 exhibits an irregular pattern in both SP and gamma-ray; 
however, gamma-ray generally tends to indicate an overall fining-upward trend (Fig. 15).  
 The top of this depositional unit is marked by thick shale units or temporal non-
deposition at top of channels (Fig. 35 and 36). 
Depositional Unit 2:  
 Depositional Unit 2 is marked by a seaward shift of tidally-influenced fluvial deposits 
(Facies Association1). This depositional unit is 6.4-9.8 m (21-32 ft) thick as measured in cores. 
However, well-log interpretation shows that it ranges in thickness from 4.9-18 m (Fig. 38). In 
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places, this unit erodes down into Depositional Unit 1 (e.g., Baughman Farms #3 and Baughman 




Figure 38: Isopach map of Depositional Unit 2 in Peoria field. Red color indicates thick deposits 
of Unit 2 trending northwest/southeast. Peoria field outline is shown in green. Contour interval is 




Tidally-influenced fluvial deposits (Facies Association 1) are 1.5-9.5 m (5-31 ft) thick 
and occur as channel fills. Rare 0.3-1.2 m (1-4 ft) thick tidal channel deposits of Facies 
Association 2 that show bipolar cross-stratification are present within Facies Association 1 in the 
southeastern part of the field, e.g., George Davies # 41-5 and State-2 wells located in the 
southern part of the field (T5S, R60W, section 5 and 4 respectively). 
 Tidal channel deposits of Facies Associations 2 occur mostly in the northern/northeastern 
parts of the field (T4S, R60W, sections 29, 28 and 22), where Facies Association 1 is absent. 
Tidal channel deposits of Depositional Unit 2 are 0.6-1.8 m (2-6 ft) thick but where amalgamated 
can reach 3.6 m (12 ft) (e.g., UPRR-C #1-18, T4S, R60W, section 27).  
 Similarly, tidal flat deposits (Facies Association 5 and 6) of Depositional Unit 2 occur in 
the northern/northeastern parts of the field associated with fluvial-tidal channels (Facies 
Association 2). In general, these deposits are 0.9-2.7 m (3-9 ft) thick, however, rare, thick 
deposits, up to 6.0 m (20 ft) are present in some wells (e.g., Baughman Farms # 4 and UPRR # 
18-6 located in T4S, R60W, sections 32 and 33 respectively; Figs. 35 and 36). 
 Depositional Unit 2 typically has a sharp base and exhibits a fining-up trend in well-logs. 
Sharp base interpreted as base of tidally-influenced channels and top is interpreted as flooding 
surface that is documented across the entire field. SP log in this unit is generally blocky but 
could be irregular when hydrocarbons are present. Gamma-ray readings are low (Fig. 27). 
However, where Facies Association 1 is absent, the log patterns for both SP and gamma-ray tend 
to be irregular. The major production in Peoria field comes from tidally-influenced fluvial 
channel deposits of this depositional unit. 
 The top of Depositional Unit 2 is marked by the presence of thick, heavily bioturbated 
deposits of Facies Association 6, that are interpreted to belong to the lower intertidal to subtidal  
78
zone above tide-influenced fluvial deposits (Facies Association 1) indicate transgression. 
Depositional Unit 3:  
 Depositional Unit 3 is widespread across the entire field and ranges in thickness from 
4.0-9.8 m (13-32 ft) (Figs. 34, 35 and 39). Well-logs were mainly used to pick this unit since it is 
only present in 9 cores. Depositional Unit 3 is mostly comprised of Facies Associations 5 and 6. 
 Tidal channels and gullies  in Depositional Units 3 occur encased in marginal tidal flat 
deposits of Facies Associations 5 and 6, and are 0.5-3.0  m (1.7-10 ft) thick. These channel 
deposits are thickest in the northern parts of the Peoria field (Fig. 40) whereas thinnest intervals 
occur in the south/southwest part of the field. 
 Marginal sandy and muddy deposits (Facies Associations 5 and 6) are in most places 
laterally and vertically related to fluvial-tidal channel deposits (Facies Association 2) (Figs. 34 
and 35). They range in thickness from 2.4-6.0 m (8-20 ft) with Facies Association 6 more 
dominant than Facies Association 5, and extend across the Peoria field (Figs. 34, 35 and 39).  
 In well-logs, Depositional Unit 3 has a sharp base in both SP and gamma-ray logs. This 
log signature reflects the sudden change in facies to more marginal deposits of Facies 





 Interpretation of how the deposition of the Muddy (J) Sandstone evolved through time, 





Figure 39: Isopach map of Depositional Unit 3 in Peoria field, red color indicates thick deposits 
of Unit 3 mainly in the northern and southeastern parts of the field; contour interval is 0.3 meter 






Figure 40: Isopach map of the tidal channels/gullies in Facies Association 6 in Depositional Unit 
3 in Peoria field. Red color represents thick deposits. These sand deposits generally exhibit 
uniform thickness but with thicker deposits in the northern part of the field. Contour interval is 









  Deposits of the Muddy (J) Sandstone in the outcrops are divided into two phases in 
which generally more distal deposits (outer estuarine) overlie proximal ones (inner estuarine). 
These two phases are discussed below. 
Transgressive Phase (Depositional Units 1-3)  
 Purely fluvial deposits are absent in the examined Muddy (J) Sandstone outcrops. The 
valley base is overlain by tidal deposits in all locations except the northern part of the outcrop 
area where tidally influenced fluvial deposits rest directly on the unconformity (Fig. 34). 
Landward shift of the system is documented by tidal channel deposits of Depositional Unit 2 
overlying tidally-influenced fluvial channels of Depositional Units 1 and 2 in the northern part of 
the study area (i.e., I-70 sections) and by outer estuarine tidal sand bars of Depositional Unit 2 
and 3 and outer estuarine tidal channels of Depositional Unit 3 overlying central estuarine tidal 
channel deposits of Unit 1 in the Alameda Road and Morrison sections (Figs. 34).  
 Tidal ravinement surfaces are associated with tidal sand bars and in places cut down into 
underlying bars. These bars are aggradational (central and southern parts of study area) and tend 
to amalgamate reaching up to 9 m in Turkey Creek section (Fig. 34). 
 Mudstones like those observed in the northern portion of the study area are deposited in 
tidal flats and marshes. Mudstones in the southern part of the study area tend to be more 
bioturbated. This however, could be because these mudstones occur in Turkey Creek cores 
therefore; bioturbation is easily recognized compared to outcrops. 
 Interpretation. The absence of basal fluvial deposits could be attributed to erosion and 
reworking of fluvial deposits by tidal process during a subsequent relative sea level rise, or to the 
proximity of the valley fill to the lowstand shoreline (Dalrymple, 1992; Dalrymple et al., 1992; 
82
Plink-Björklund & Steel, 2006). It could also be due to bypass of fluvial sediment to lowstand 
deltas located further basinward (Allen & Posamentier, 1993; Wood, 1993) (Fig. 41 A-C). 
 Observations indicative of a relative sea-level rise include: (i) landward shift of the 
estuarine facies, (ii) the occurrence of tidal ravinement surfaces, and (iii) the onlap of the 
deposits onto the valley margins. Vertical aggradation of estuarine deposits suggests that 
sediment supply was approximately equal to the increase in accommodation space (Dalrymple et 
al., 1992; Plink-Björklund, 2005).  
Infilling Phase (Depositional Unit 4)  
 Transgressive estuarine deposits of Units 3 are in most places overlain by widespread, 
low energy sandy and mixed tidal flat deposits of Facies Associations 5 and 6 in the central and 
northern parts of the outcrop area (Fig. 34). Brackish-water trace fossils are abundant in these 
deposits (Chamberlain, 1976).  In places, these deposits are up top 6 m thick. Occasional, thin 
(~1 m) tidal gully deposits are present within these tidal flats (Fig. 26). In the southern portion of 
the study area however, thin (2-5 m) tidal sand bars occur. In Turkey Creek cores, the bases of 
individual tidal bars were picked using erosional surfaces when available. Nonetheless, it is often 
difficult to pick these erosional surfaces because of oil staining in the cores.  
 Interpretation. The widespread, thick nature of sandy and mixed tidal flat deposits 
indicates that the relative sea-level continued to rise and also implies that the valley was 
essentially filled (Dalrymple & Zaitlin, 1994; Fig. 41 D). Dalrymple and Zaitlin (1994, their 
Upper Modern Unit) described similar infilling pattern in the Cobequid-Salmon River estuary in 
Bay of Fundy in Canada. The South Alligator River estuary in northern Australia is an example 
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Figure 41: An estuarine model (after Dalrymple et al., 1992) showing the evolution of the 
estuary through time. A) deposition of Unit 1, B) Deposition of Unit 2, C) deposition of 
Unit 3 and D) deposition of Unit 4. A-C represent the transgressive phase while D 
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are overlain by widespread muddy deposits corresponding to an infilling phase and a “big swamp 
period” (Woodroffe et al., 1989; Dalrymple & Zaitlin, 1994).  
 
Peoria Field Cores and Well-log Dataset 
 The lateral and vertical relationships in the Muddy (J) Sandstone in Peoria field are 
different from those observed in outcrops and generally show progradational to retrogradational 
stacking pattern. The same two phases are discussed below. 
Regressive Phase (Depositional Units 1 and 2) 
 Similar to the outcrop deposits, cores examined in Peoria field lack any pure fluvial 
deposits (Figs. 35 and 36). Nonetheless, the overall stacking pattern of this phase is 
progradational and seaward-stepping since tide-influenced fluvial deposits (Facies Association 1) 
overlie fluvial-tidal channel deposits (Facies Association 2) (Figs. 35 and 36).  
 Tidal deposits overlie the valley base in all the cores mostly as sandy and mixed tidal 
flats, however, some tidal channels occur especially in the eastern part of the field (Figs. 35 and 
36). Sandy and mixed tidal flat deposits were deposited on tidal flats and marshes. These in turn 
are overlain by deposits of Facies Association 1 especially in the central part of the field.  
 Interpretation. The progradational stacking pattern of tide-influenced fluvial deposits in 
Depositional Units 1 and 2 of the Muddy (J) Sandstone in which Facies Association 1 deposits 
overlie Facies Association 2 deposits suggests fluvial currents were prominent. Nonetheless, the 
occurrence of occasional tidal channels, marginal tidal flats in an aggradational stacking pattern 
adjacent to tide-influenced fluvial deposits also highlight that tidal currents occasionally 
influenced deposition. Tidally-influenced fluvial channel deposits suggest higher fluvial 
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sediment input. However, tidal deposits are still aggrading outside the tidally-influenced fluvial 
channels.  
Infilling/Transgressive Phase (Depositional Unit 3) 
 Widespread, thick, heavily bioturbated marginal tidal flat deposits (Facies Association 5 
and 6) of Depositional Unit 3 overlie regressive deposits (Facies Association 1, 2, 5 and 6) of 
Depositional Unit 2 of the Muddy (J) Sandstone throughout Peoria field. Towards the tops of 
Depositional unit 3, tidal channel/gullies deposits are present within Facies Association 6 (Figs. 
34 and 35). 
 Interpretation. Sea-level rise is indicative by the areal extension as well as amalgamated 
nature of marginal tidal flat deposits with abundant bioturbation and more marine deposits 
(Dalrymple and Zaitlin, 1994). The estuarine or deltaic environment spread across the area and 
deposition occurred in a broad embayment before the final transgression of the Mowry Shale. 
This could imply that sedimentation rate and accommodation space were approximately equal 
which allowed in situ infilling of the space created by the valley incision and relative sea-level 
rise (Dalrymple et al., 1992). This is different from what is observed in the outcrop belt where 
the upper part mainly represents the infilling phase of the estuary. 
Modern analogs similar to infilling/transgressive phase of the Muddy (J) Sandstone in 
Peoria field include the South Alligator River estuary in northern Australia and the Cobequid-
Salmon River estuary in the Bay of Fundy in Canada (Woodroffe et al., 1989; Dalrymple & 







 This study proposes a new interpretation for the Muddy (J) Sandstone both in the outcrop 
and subsurface parts. The following discussion is presented to further support this new 
interpretation by providing examples of modern analogs that are believed to be similar to the 
Muddy (J) Sandstone. It also provides evidence of tidal signature that is documented in this 
study. It also covers aspect related to understanding and predicting reservoir presence.  
 
Modern Analogs 
Present-day estuaries that show facies distribution similar to the Muddy (J) Sandstone in 
the outcrop belt include the Cobequid Bay-Salmon River estuary, Bay of Fundy in Canada 
(Dalrymple et al., 1990; Dalrymple and Zaitlin, 1994; Fig. 33). The Cobequid Bay-Salmon River 
estuary has tidal sand bar deposits that aggrade to form thick sandy units (Dalrymple et al., 1990; 
Dalrymple & Zaitlin, 1994; Figs. 34, 35 and 36). 
 
Log Signature of Facies
 Good understanding of well-log characters of different facies associations helps better 
understand reservoir compartmentalization and therefore guide development efforts in 
hydrocarbon fields. In this study, the tidally-influenced fluvial as well as the transgressively 
reworked sandstone deposits are relatively easy to pick in well-logs due to their blocky 
appearance in SP and gamma-ray logs (e.g., State #2, T5S, R60W section 4, Fig. 15). However, 
problems arise when dealing with other deposits, i.e., central estuarine tidal channels, sandy to 
mixed tidal flats, and mixed tidal flats and marshes. Due to high organic matter content in tidal 
channels, their SP and gamma-ray curves tend to be irregular and can be mistaken with the sandy 
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to mixed tidal flat deposits (e.g., Twin Quinn #1, T4S, R60W section 28, Fig. 32).  The cores and 
their distribution in the field then become essential for correlations.  
 
Tidal Signatures 
 Tidal indicators recognized in this study include: mud drapes, bidirectional cross 
stratification, rhythmic beds, tidal bundles, and trace fossils. The following discussion details 
how different facies associations are recognized in this study based on a combination of 
indicators as well as their vertical and lateral position in the sedimentary sequence.  
Tidally-influenced fluvial channels (Facies Association 1) 
These deposits are usually difficult to separate from fluvial channel deposits due to subtle 
tidal influence observed in them (Fig. 33). The following indicators are used as a whole to 
interpret this environment. One of the main characteristics of this transitional zone is the 
fluctuation in time of fluvial and tidal influence related to river flood (Van den Berg et al., 2007). 
These channels are similar to the fluvial ones except for the presence of some tidal indicators 
such as mud drapes and trace fossils (e.g., I-70 outcrops; Fig. 34).  
Fluvial-tidal channels (Facies Association 2) 
Fluvial-tidal channels have a mixed a grain size since they lie in the transition between 
tide-influenced fluvial channels and tidal channels. The presence of coarser material at the base 
of some of these channels indicates the proximity to the tide-influenced fluvial deposits (Facies 
Association 1). Tidal channels have the finest grain size because they lie in the turbidity 
maximum and bedload convergence zone (Dalrymple et al., 1992; Fig. 33). This is also why the 
central-estuarine channel fills have high organic matter content (Dalrymple et al., 1992; e.g., 
Alameda Road section, Fig. 34). Reservoir facies in such environment tend to be more 
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heterolithic (e.g., Twin Quin #2 well located in T4S, R60W, section 28; Fig. 4) compared to 
inner estuarine or outer estuarine zones; tidally-influenced fluvial and tidal bars deposits 
respectively.  
Outer estuarine tidal channels (Facies Association 3A) 
These channels lie seaward of the bedload convergence and therefore, have a net 
landward sediment transport (Dalrymple & Choi, 2007; Fig. 33). This is seen in the Alameda 
section where cross sets have a northwest/west transport direction. These deposits are 
differentiated from outer estuarine tidal bars in terms of geometry and grain size trends. Grain 
size trend is similar to what is expected in a channel; fining upward. Compared to central 
estuarine tidal channels, sandstone deposits have less fine-grained material because they are 
constantly reworked by strong tidal current (e.g., Alameda Road section, Fig. 34).  
Tidal bars (Facies Association 4) 
The elongate tidal bars that occur at the seaward end of incised-valley estuaries are likely 
to be among the cleanest of tidal deposits, because they are constantly reworked by strong tidal 
currents and waves, and because they lie seaward of the turbidity maximum, with no offshore 
source of muddy sediment (Dalrymple & Choi, 2007; Fig. 33). Mud drapes are thin and/or rare, 
especially in the more seaward part. Trace fossils are likely to be rare in the sandy sediments 
because of constant sediment movement. Outer estuarine tidal channels differ from outer 
estuarine tidal bars in terms of grain size changes (Fig. 34). Outer estuarine tidal channels tend to 
fine upward as expected in a channel. However, outer estuarine tidal bars tend to be blocky with 
somewhat uniform grain size. Both tend to have very little organic matter content within 
compared to central estuarine tidal channels because of high energy conditions (Fig. 20). 
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Trace fossils 
The trace-fossil suite reflects the stressed conditions in estuaries. It consists of an 
impoverished assemblage of small, dominantly vertical burrows that may occur in large numbers 
within burrowed intervals. Overall, the level of bioturbation is generally low, but sporadic 
(Dalrymple & Choi, 2007; Fig. 28). The presence of more bioturbated deposits in the Peoria field 
compared to outcrop belt indicates that deposits in the Peoria field lie in the lower intertidal to 
subtidal zones. 
 
Length of Estuarine Zones 
 Coastal-zone gradient together with tidal range determine the size of an estuary by 
controlling the extent of tidal penetration (Dalrymple et al., 1992). Therefore, as coastal-zone 
gradient decreases and/or tidal range increases, estuaries become longer. Differences in the 
strength of flood-tidal and river currents affect the relative lengths of river- and marine-
dominated zones (Fig. 33). Areas with low river discharge and high tidal range tend to have a 
longer fluvial zone and shorter marine zone (e.g., Cobequid Bay- Salmon River estuary; 
Dalrymple et al., 1992).The opposite is true if these conditions were reversed.  
 Sediment supply also plays an important role in determining the size of fluvial and 
marine sand bodies of estuaries. High marine sediment supply yields well developed tidal bars 
(e.g., Cobequid Bay; Dalrymple et al., 1990) such as those observed at the southern part of the 
outcrop study area (Fig. 34). On the other hand, there is no evidence for tidal bars in Peoria field 
(Figs. 35 and 36). These deposits could be further seaward. This argument cannot be verified 




Understanding/Predicting Reservoir Properties 
 Careful understanding of different depositional environments that are present within a 
particular system is crucial in leading successful hydrocarbon exploration. Reservoir quality of 
incised valley fill deposits can be highly variable depending on which part of the system they 
occupy since these deposits have different grain size distributions and sedimentary structures 
which affect reservoir properties. 
 In Peoria field, three distinct gas caps and two oil-water contacts are present (Ecker, 
1971). The datum of downstructure gas limits is different for each gas cap which reflects lack of 
communication between distinct channel trends in the updip regions. The largest gas cap is 
located on the eastern side of the field in the area of the T4S, R60W, section 34 and has a gas-oil 
contact at approximately -368 m (-1215 ft). Smaller gas caps are in the north and south portions 
of the field at -402 m (-1326 ft) and -382 m (-1260 ft) respectively. On the northwest side of the 
field, the oil-water contact is 20 m (65 ft) structurally lower than the oil-water contact on the 
southwest side of the field.   
Ecker (1971) stated that the variation in the structural position of the oil-water contacts 
and gas caps is probably caused by separate, unconnected reservoirs within the channel system. 
This is clearly seen in the cross sections from Peoria field in this study (Figs. 34 and 35). The 
impermeable partial abandonment and abandonment fill deposits within the channel complexes, 
and diagenetic changes in the thin active channel fill sandstones segregate the separate areas of 
reservoir rock within the field area (Land & Weimer, 1978). These partial abandonment and 
abandonment fill deposits correspond to fluvial-tidal channel (Facies Association 2), Sandy to 
mixed (Facies Association 5) and mixed to muddy tidal flats and marshes (Facies Association 6) 
respectively, of this study. This highlights that facies distributions are responsible for reservoir 
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compartmentalization such as those observed in the Muddy (J) Sandstone in Peoria field.  
Similar fields have been described in the literature in which tide-influenced fluvial sandstones 
are encased in mixed to muddy estuarine tidal (Bowen & Weimer, 2003). Because these tidal flat 
deposits act as seals for individual tide-influenced fluvial sandstones in the valley, several 
distinct reservoirs with different fluid contacts and separate pressure regimes are commonly 
present.  
The recognition of common tidal occurrence in the Muddy (J) Sandstone in Peoria field 
has not been documented before. With the new depositional model presented here, exploration 
efforts should target tidal bars which could be developed further seaward for better reservoir 
development and lateral continuity.  
By correctly picking the end zones in a tide-dominated estuarine model, and the general 
seaward-landward directions, exploration efforts can yield a higher success rate. Tidal sand bars 
tend to occur in elongate, continuous bodies which can be excellent reservoirs. Argillaceous 
sandstones and mudstones of the valley fill likely serve as lateral and vertical seals for the 
reservoir bodies (Portela, 2008). Portela (2008) found out in her study of the Glauconitic 
Sandstone in southern Alberta basin that oil is present in the outer estuarine tidal bars that have 
high porosity and permeability whereas gas is found within central estuarine tidal channels 
which tend to be less porous and permeable.  
 
Integrating Outcrop and Subsurface Studies 
Outcrop part of this study shows the importance of integrating outcrop studies when 
examining subsurface datasets. Outcrops show the clear relationship between different deposits 
in the systems and therefore make it relatively easier to pick depositional environments. Unlike 
subsurface datasets, geometry of different depositional facies is clearly noticeable in outcrops 
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due to rapid changes over short distances. This becomes extremely important when predicting 
the extent of reservoir facies, facies that act as baffles or barriers to hydrocarbon flow. In the 
case of Peoria field study, the field is relatively small to see any big changes going from tidally-
influenced fluvial deposits to outer tidal bars as was noticed in the outcrop. Nonetheless, the 
rapid facies changes, especially in tidal deposits, that are believed to cause different gas caps and 
oil-water contacts in the Peoria field show how important it is to have some kind of analog to 




Controls on Deposition 
The most important controls on the valley incision and subsequent filling by deposits of 
the Muddy (J) Sandstone are discussed below. 
 
Relative Sea Level Changes 
 Weimer (1983) stated that a drop in relative eustatic sea-level in the Cretaceous that is 
correlative to global sea-level curve at ~ 97 Ma. is the cause of the incision of valley which the 
Muddy (J) Sandstone filled during the subsequent relative sea-level rise (Weimer, 1983; Haq and 
Al-Qahtani, 2005).  As discussed earlier, no fluvial deposits are present in the outcrops or cores 
in the study area and the valley-fill records mostly a transgressive phase. There is no indication 
of any high frequency sea-level fluctuations. In cores, the occurrence of the tidally-influenced 
fluvial deposits above central estuarine tidal channel and tidal flat deposits could indicate an 
increase in sediment supply. The relative eustatic sea level rise corresponds with the 




 Evidence that the tectonic activity affected the deposition of the Muddy (J) Sandstone has 
been discussed by some authors (Sonnenberg, 1981; Weimer, 1983; Weimer, 1984).  The Early 
Cretaceous Cordilleran foreland-basin system formed in response to lithospheric flexure 
associated with thrust loading in the developing Sevier thrust belt to the west (Beaumont 1981; 
Jordan 1981; Price 1973). Regional isopach patterns of Lower Cretaceous strata define foreland-
basin system depozones (Currie, 1995; 1997; 2002). These depozones are: foredeep, forebulge, 
and back-bulge. Using this classification, the Muddy (J) Sandstone is placed in the back-bulge 
depozones (Fig. 42).  In his analysis, Currie (2002) suggested that Early Cretaceous fluvial 
drainage patterns may have been controlled by flexural development of the foreland-basin 
system. Paleocurrent orientations from the foredeep depozones are transverse and slightly 
oblique to the flexural strike of the basin, and those from the forebulge and back-bulge 
depozones are roughly parallel to the trend of the forebulge. Data from the Muddy (J) Sandstone 
in this study agrees with these orientations since general trend is to the east and northeast. The 
variable paleocurrent orientations between the foredeep and forebulge/back-bulge depozones 
imply the possibility of topographic or structural controls on Early Cretaceous sediment-
dispersal patterns related to the trend of the forebulge (Currie, 2002). It is also possible that 
flexure may have created and/or reactivated northeast-trending basement structures, which, in 
turn, directed paleoflow in the distal foreland-basin system (e.g., Meyers et al., 1992; May et al., 
1995; Weimer, 1983). 
 In the study area, the Muddy (J) Sandstone outcrop in Turkey Creek area was deposited 
on a basement paleohigh which explains the thinner section at this location compared to other 
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Muddy (J) sandstone outcrops to the north (Weimer, 1983). This however, can be explained by 
having more incision in the northern sections compared to Turkey Creek locality.  
 
 
Figure 42: Isopach map of Lower Cretaceous rocks in Utah and western Colorado with 
interpreted Early Cretaceous foreland-basin system depozones. The Muddy (J) Sandstone lies in 
the backbulge part of the system (taken from Currie, 2002). Outcrop study area is highlighted by 





 This study resulted in new depositional models for the Muddy (J) Sandstone in the 
outcrop belt as well as the Peoria field. The Muddy (J) Sandstone is interpreted as a single 
valley-fill for both cases. In outcrops, the Muddy (J) Sandstone is comprised almost entirely of 
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tidal or tide-influenced deposits with landward-stepping to aggradational stacking pattern and 
therefore, is interpreted as a tide-dominated estuary. The landward shift of facies is evident by 
distal facies (tidal sand bars) overlying proximal ones (tidal channels and tidally-influenced 
channels). On the other hand, in Peoria field, the Muddy (J) exhibits a different pattern in which 
tidal deposits of the lower part of the Muddy (J) Sandstone are overlain and cut down into by 
tidally-influenced fluvial deposits which in turn are overlain by marginal and outer estuarine 
marginal facies. The upper part of the Muddy (J) Sandstone in Peoria field is comprised mainly 
of mixed to muddy tidal flat deposits. Elongate tidal sand bars observed in the outcrops are 
absent in Peoria field. Two possible interpretations for the Muddy (J) Sandstone in Peoria field: 
as a tide-dominated estuary or a tide-dominated delta. If deposition occurred in a tide-dominated 
estuary, only the landward part of the system (inner to central estuary) is present in Peoria field. 
However, the absence of outer estuarine tidal bars in Peoria field and the lack of knowledge on 
surrounding fields to prove that these tidal bars exist in the basin weaken this argument. Tidal 
flat deposits are common in tide-dominated deltas (e.g. Tanavsuu-Milkeviciene & Plink-
Björklund, 2009). The tide-influenced fluvial channels may then be the distributary channels. 
Tidal channels are also common in tide-dominated or influenced deltas (e.g. Tanavsuu-
Milkeviciene & Plink-Björklund, 2009). 
 Both eustatic sea-level and forebulge migration are inferred to have been the main control 
on the deposition of the Muddy (J) Sandstone examined in this study.  
 Accurate depositional model leads to more hydrocarbon exploration successes. 
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APPENDIX  A 
 
OUTCROP  MEASURED SECTION AND CORE DESCRIPTION  
Paleocurrent direction 








































Figure A.2. Detailed measured section of I-70 outcrop section, (1). Numbers on the right 


















































































































































Figure A.3. Detailed measured section of I-70 south section, (2). Numbers on the right 


















































































































Figure A.4. Detailed measured section of Alameda Road section, (3). Numbers on the right 



























Figure A.5. Detailed measured section of Alameda Road section, (4). Numbers on the right 
















Figure A.6. Detailed measured section of Alameda Road section (5). Numbers on the right 






























































































































































































SILT VERY FINE FINE MEDIUM COARSECLAY
Figure A.7. Detailed measured section of Morrison section (North side of Bear Creek, (6)). 



























































































Figure A.8. Detailed measured section of Morrison section (south side of Bear Creek,(7)).

































































Figure A.9. Detailed measured section of Turkey Creek core # 5 (8). Numbers on the right 





























Figure A.10. Detailed measured section of Turkey Creek core # 4 (9). Numbers on the right 


























































































































Figure A.11. Detailed measured section of Turkey Creek core # 3 (10). Numbers on the 
right correspond to sedimentary facies (Table 1).








































































Figure A.12. Detailed measured section of Turkey Creek core # 2 (11). Numbers on the 











































Figure A.13. Detailed measured section of Turkey Creek core #1 (2). Numbers on the right 

























Figure A.14. Detailed measured section of Turkey Creek section (13). Numbers on the 



















































































































Figure A.15. Detailed measured section of Turkey Creek core #6 (13). Numbers on the 
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APPENDIX  B 
 
PEORIA FIELD CORE DESCRIPTIONS 
Figure B.1: Core description symbol key. 
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Figure B.2. Detailed measured section of core UPRR # 32-33 Philip Deter. Numbers on the 































































Figure B.3. Detailed measured section of core UPRR# 32-5 Davies. Numbers on the right 

























































Figure B.4. Detailed measured section of core UPRR# 41-5 George Davies. Numbers on 

























































Figure B.5. Detailed measured section of core UPRR #41-33 Philip Deter. Numbers on 








































































Figure B.6. Detailed measured section of core Tom Vessels #1 Deter Hines ‘B’. Numbers 

































Figure B.7. Detailed measured section of core Midwest #1 State. Numbers on the right 























































































































Figure B.8. Detailed measured section of core Midwest #2 . Numbers on the right 





































































Figure B.9. Detailed measured section of core Tom Vessels #1 Deter Price. Numbers on 































































Figure B.10. Detailed measured section of core Pan Am Pet #18-6. Numbers on the right 
























































































Figure B.11. Detailed measured section of core Tom Vessels #1 Interstate Racing. Numbers 






























































































Figure B.12. Detailed measured section of core Pan Am Pet #18-1 C. Numbers on the 




























































































Figure B.13. Detailed measured section of core Midwest Oil #2 Baughman Farms. Numbers 












































































Figure B.14. Detailed measured section of core Midwest Oil #  Baughman Farms. 
















































Figure B.15. Detailed measured section of core Midwest Oil #3 Baughman Farms. 
















































Figure B.16. Detailed measured section of core Midwest Oil #4 Baughman Farms. 
























































Figure B.17. Detailed measured section of core Midwest Oil #1 Baughman Farms. 













































Figure B.18. Detailed measured section of core UPRR #41-29 Carlson. Numbers on the 























Figure B.19. Detailed measured section of core Tom Vessels #2 . Numbers on 















































CLAY SILT VERY FINE FINE MEDIUM COARSE
6524
6521
6518
6515
6512
6509
6506
6503
6500
6497
6494
(ft)
6491
6488
6485
6482
6479
6476
6473
6470
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